Nanometer size oxide particles in 9Cr-ODS steel are dispersed finely and densely in a matrix by the hot-solidification process. The size and density distribution of dispersed oxide particles is recognized as one of the main issues for ensuring good microstructural stability and high temperature strength in a high temperature (<700 C) and neutron irradiation (250 dpa) environment. However, the behavior of oxide particles in the hot-solidification process has not been determined yet. This study evaluated the correlation between nano-size oxide particles and the heat treatment temperature and time in order to characterize the mechanism of formation and the behavior during growth and coalescence of these particles in 9Cr-ODS steel raw powder. XRD and SAXS measurements were made using high-energy synchrotron radiation X-rays in SPring-8. This is the first report of the oxide complex particles (Y 2 Ti 2 O 7 and Y 2 TiO 5 ) being formed from 800 to 960 C, and they were observed to grow and coalesce on increasing both heat-treatment temperature and time.
Introduction
Oxide dispersion strengthened 9Cr martensitic steel (9Cr-ODS) has been identified as a prospective candidate for high burn-up fuel cladding tubes of advanced fast reactors (FRs) because of its improved high-temperature strength and superior resistance to radiation damage compared to conventional ferritic steels such as Mod. 9Cr-1Mo steel, PNC-FMS and so on. 1, 2) It is widely recognized that these desirable properties are attributable to nano-size Y-Ti-O complex oxide particles dispersed in the matrix which act as obstacles to movement of dislocations. A high density of nano-size YTi-O complex oxide particles is produced by mechanically alloying (MA) Fe-Cr-Ti powders with Y 2 O 3 followed by hot-solidification process. [3] [4] [5] Hence, previous studies have attempted to clarify the characterization of the nano-scale oxide particles using TEM (transmission electron microscope), 3DAP (three-dimensional atom probe), and SANS (small angle neutron scattering) measurements, etc. [6] [7] [8] However, the detailed sequence of events in their formation and their stability during longterm high temperature service are not well understood yet. Thus, the main topics of these studies were not the mechanism of formation but the distribution morphology and/or effects on mechanical properties of oxide particles.
The present work evaluated the correlations between nanosize oxide particles and heat treatment temperature and time in heat-treated 9Cr-ODS steel raw powder as a part of characterization work on the formation mechanism for these particles. Measurements were done by X-ray diffraction (XRD) and small-angle X-ray scattering (SAXS) techniques using high-energy synchrotron radiation X-rays produced in Large-scale Synchrotron Radiation Facility, SPring-8 (Super Photon ring 8 GeV).
Experimental Procedure
2.1 Manufacture of 9Cr-ODS raw powder and heat treatment procedure Argon gas atomized pre-alloyed steel powder (10 kg) and yttrium oxide (Y 2 O 3 ) powder (about 20 nm diameter particles) were mechanically alloyed with steel balls (150 kg) in a high purity argon atmosphere (99.9999 mass% Ar) for 48 h with the rotation speed of 220 revolutions per minute using attrition type ball mill (Attritor). The chemical analysis results after the MA process are shown in Table 1 .
A MA raw powder sample (with particles only below 125 mm) was packed in a silica tube, and heat-treated at different temperatures and times in an electric furnace. Details of heat-treatment conditions are summarized in Table 2 .
XRD and SAXS measurements
A heat-treated powder sample was put into a silica glass capillary (0.3 mm internal diameter) for XRD and SAXS measurements which were carried out using the beamline BL19B2 in SPring-8.
9) BL19B2 is a medium-length hard X-ray bending magnet beamline designed for engineering science research. The main techniques which can be used on this beamline are X-ray absorption, diffraction, scattering, and imaging measurements. The energy of the incident Xrays was 30 KeV ( ¼ 0:0413 nm). The XRD measurements were carried out with a DebyeScherrer camera in order to make an accurate componential analysis by a powder diffraction study. The camera with radius of 286.5 mm has an imaging plate (IP) on the 2 arm as a detector. The IP pixel size can be selected from 50 mm to 100 mm. From the result of XRD measurements, each diffraction pattern was identified using the Powder Diffraction File (The International Centre for Diffraction Data, Newtown Square, PA.).
The SAXS measurements were done at an interval of 0.015 deg from 0.04 deg to 0.94 deg of 2 with a multi-axis diffractometer in order to obtain the size distribution of oxide dispersed particles. The measurement time was 100 or 300 s per point. The covered q-range was 0.1-2.5 nm À1 where q is the scattering vector (q ¼ jqj ¼ 4 sin =; 2 is the scattering angle). The result for just a silica glass capillary without powder was subtracted as background from raw data, and all of the raw data were standardized for the correction of the difference in powder sizes, packing rates and scattering by air using the following equation:
where I s ðqÞ is the scattering from a specimen (powder in this work), I s+c is the datum from both the specimen and glass capillary, T s+c is transmittance from both the specimen and glass capillary, I c is the datum from only the glass capillary, T c is transmittance from only the glass capillary and I off is the datum without an X-ray beam. Figure 1 shows some typical XRD patterns of the as-MA and heat-treated powders (various treatment temperatures for 4 h) used to evaluate the effects of temperature. The vertical axis of the graph is an arbitrary unit and adjusted to make it easy to observe each peaks. Only the ferrite peak appeared as significant in the as-MA powder which had no peaks for oxide complex particles. But, strong peaks of M 23 C 6 carbide were observed in the powders at 600 C and 800 C with no peaks for oxide complex particles. Also, the peaks for particles of Y 2 TiO 5 and Y 2 Ti 2 O 7 , which are the major and most stable Ti-Y oxide complexes, were observed for the first time at temperatures from 800 to 960 C, and Ti-C was precipitated at temperatures from 960 to 1100 C. According to previous reports, 10, 11) C. This result agreed well with the results of previous studies. Figure 2 shows some typical XRD patterns of heat-treated powders (various treatment times at 1150 C) which were used to evaluate the effects of time. The peaks for particles of Y 2 TiO 5 were observed in the range of heat-treatment times from 4 h, and the -Fe peaks were monitored in the heattreated powders for 1, 2 and 4 h.
Results and Discussion

XRD measurements
The volume fraction of oxide particles (having particle sizes less than several nanometers) to the total matrix structure was below 1% and the diffraction pattern was almost unobservable by conventional diffractometry.
3) However, the nano-size oxide particles could be observed clearly for the first time using synchrotron radiation in this work.
SAXS measurements
Typical SAXS profiles of the as-MA and heat-treated powders (various treatment temperatures for 4 h) to evaluate the effects of temperature are shown in Fig. 3 . For the powders heat-treated from 600 to 960 C and the as-MA powder, the scattering showed a q À2 region in the range 0.8-2.5 nm À2 , which suggested that some particles had already formed in the as-MA powder. Meanwhile, it was clear that the plateau region for powders heat-treated above 1100 C shifted to a lower q-range, indicating that the oxide particles had significant growth above 960 C. Figure 4 shows SAXS profiles of the as-MA and heat treated powders (various treatment times at 1150 C) used to evaluate the effects of heat-treatment time. The profile shapes were significantly dependent on the heat-treatment time, showing the occurrence of particle growth. The nano-size oxide particles were formed for heat-treatment times shorter than 1 h and growth depended on the increase of the heattreatment time.
The relationship between the evolution of the nano-size oxide particle and heat-treatment temperature and time can be clarified with a quantitative analysis of SAXS profiles using eq. (2): 12,13)
where Á is the difference in scattering length density between the matrix and the particles, NðRÞ is the number density distribution and Fðq; RÞ is the factor of particle shape (assumed spherical in this case) defined in eq. (3). 
Here, V(R) is the volume of each particle. The results of profile analysis for the distribution of particle size and frequency are plotted in Fig. 5 . The particles with radius of about 1 nm were formed in as-MA powder and heat-treated powder below 800 C even though the results of XRD measurements had confirmed that the oxide complex particles were formed at temperatures between 800 C and 960
C. This could be attributed to the pure Y 2 O 3 powder particles becoming smaller and amorphous during the MA process. As shown in Fig. 5(a) , the amorphous character changed markedly in the size and frequency between 600 C and 800
C, but oxide complex particles should not be formed in that temperature range because the formation temperature was regarded as between 800 C and 960 C based on the XRD measurements. And then, the oxide complex particles grew with an increase in temperature gradually. Furthermore, the frequency of particles increased significantly between 960 C and 1100 C. Figure 5(b) shows the correlation between heat-treatment time and oxide complex particles. The particle size and frequency changed remarkably in the powder samples between as-MA and 1 h heat-treatment, and then the particles grew gradually with an increase in time. This meant that the oxide complex particles were formed within 1 h after heating at 1150 C. The distribution of average diameter and relative frequency are re-plotted in a correlation between oxide complex particles and temperature as shown in Fig. 6 . Nano-size oxide particles grew gradually with an increase in heattreatment temperature as shown in Fig. 6(a) . Furthermore, the average diameter of the particles increased significantly for heat-treatment temperatures over 1100 C. The change in relative frequency was evaluated as the ratio between the sample heat-treated at 1150 C and the others assuming a constant concentration during heat-treatment as shown in Fig. 6(b) . The relative frequencies had a direct correlation with the change of average diameter of the particles, which indicated that the decline of relative frequencies with increasing heat-treatment temperature could be attributed to the growth and coalescence of oxide particles. Figure 7 shows the results of profile anaysis to clarify the correlation between heat-treatment time and average diam- eter sizes of the particles. It was clear that nano-size particles were already formed for a shorter time than 1 h of heattreatment at 1150 C, and grow and coalesce proceeded with increasing heat-treatment time. The growth and coalescence rate, however, became almost saturated after heat-treatment of 8 h.
From the results of XRD and SAXS analysis, the formation history of nano-size complex oxide particles was presumed for particle size and temperature as shown in Fig. 8 . In the region I, the amorphous Y-O compound with average size about 2 nm is formed during the MA process, and there are no significant changes in size and state in accordance with the increasing temperature. The amorphous Y-O compound crystallizes to nano-size complex oxide particles, Y 2 Ti 2 O 7 and/or Y 2 TiO 5 around the Ac1 transformation temperature, and also the particles grow and coalesce gradually in accordance with the temperature increase in the region II. Finally, the nano-size complex oxide particles show significant Ostwald ripening behavior, i.e., an increase in average diameter and a decrease of relative frequency in accordance with the temperature and time increases, in the region III (over 1100 C). Further detailed formation mechanism of nano-size particles should be studied, in order to apply these XRD and SAXS results to the producing of cladding tubes. The authors are planning further experimental observation efforts using High-energy X-rays in SPring-8 will be directly towards investigating the formation mechanism and deformation related to temperature and time in the near future.
Conclusion
The correlations between nano-size oxide particles and heat treatment temperature and time of MA powder for 9Cr-ODS steel have been studied by XRD and SAXS techniques. The following results were obtained.
(1) The XRD and SAXS experimental techniques using high-energy X-rays produced in SPring-8 were successfully applied for the first time to the kinetic study of the formation mechanism for nano-size oxide particles in 9Cr-ODS steel. (2) The nano-size particles with average size of about 2 nm in the as-MA powder and in powders heat-treated at 600 C and 800 C might be not oxide particles but an amorphous Y-O compound formed in the MA process. 
